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GEROTOR PUMP WITH BEARING
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FIELD

The methods and systems described herein relate to active
vehicle suspension systems.

BACKGROUND

Suspension systems are typically designed to properly
support and orient a vehicle, provide safe handling 1n
various expected operating environments and ensure a com-
fortable ride for occupants. Conventional suspension sys-
tems are typically passive with largely constant operating,
and performance parameters. Some suspension systems are
semi-active in that their overall response can be adjusted, for
example, to ofler a trade-ofl between occupant comiort and
vehicle handling. Fully active suspension systems use actua-
tors to react automatically to changing road conditions by
relying on input from sensors and other measurement
devices.

The operation of conventional suspension systems 1s, to a
great degree, determined by the performance of the shock
absorbers and associated springs. Shock absorbers are com-
monly configured as hydraulic dampers that are interposed
between the vehicle body and each of the wheels, and are
configured to dissipate the energy of oscillations imparted to
a moving vehicle. A typical shock absorber comprises a
piston slideably received in a housing that 1s at least partially
filled with hydraulic fluid. The housing is separated into a
compression volume and an expansion (or rebound) volume
by the piston that 1s attached to a piston rod. When the piston
travels into the housing, the compression volume 1s reduced
in s1ze while the expansion volume grows. These changes 1n
volume are reversed when the piston travels in the opposite
direction.

In active suspension systems, the shock absorber may be
converted into a hydraulic actuator that can be operated 1n
both a damping mode and a driving mode. For example, in
the damping mode, the actuator can apply a force that resists
the motion imparted to a vehicle wheel, as a vehicle travels
on a road, by an 1irregularity 1n the road surface. In the
“driving” mode, the actuator applies a force that assists the
motion of the piston. The actuator may be operated in a
damping mode or a driving mode whether the actuator 1s
being compressed or expanded. The actuator operates as a
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2

part of a hydraulic system that delivers or removes a
requisite amount of hydraulic fluid from the compression

and expansion volumes while maintaining a desired pressure
in each.

SUMMARY

Hydraulic pumps may be used to cause hydraulic fluid to
flow through a hydraulic circuit while hydraulic motors may
also be used to extract energy from the fluid flow. Fre-
quently, the same component can be used as a pump as well
as a motor. Such hydraulic motor/pumps (HMPs) are typi-
cally connected to generator/electric motors (GEMSs) that
can drive the HMP as well as absorb energy from it.

Among the reasons why positive displacement HMPs are
used in hydraulic systems 1s that their rate of throughput 1s
substantially proportional to their speed and largely inde-
pendent of pressure over their operating range. Therefore,
the flow rates 1n the hydraulic circuit can be eflectively and
accurately controlled by controlling the HMP speed. Unior-
tunately, positive displacement HMPs typically may sufler
from higher frictional losses, higher noise and pressure
fluctuations.

In many cases, 1t 1s desirable to maximize the amount of
fluid transported for any given speed. This may be achieved
by 1increasing the overall size of the umit. However, this
option frequently results 1n a more bulky, heavy and expen-
stve unit. For example, with a gerotor pump (a positive
displacement HMP), this can be achieved by using an axially
longer gerotor set. Longer gerotors, however, typically
require longer drive shafts and exhibit undesirable charac-
teristics such as decreased filling efliciency (volumetric
elliciency) and increased leakage across the tip of the gerotor
due to the increased length of the gap at the tip of the rotor
lobes. For this reason, 1t 1s frequently necessary to increase
flow capacity by increasing the HMP speed and tolerating
the 1ncreased noise.

Hydraulic systems, even when using gerotors, have dif-
ficulty 1n situations when significant forces have to be
developed rapidly while operating the HMP over a very
broad range of speed with frequent direction reversal. Con-
ventional HMPs, even conventional gerotors, are typically
used in situations where efliciency, rapid response, and
leakage are not key considerations. For example, conven-
tional gerotors are typically comprised of steel rotors that are
fabricated using metal powder technology. The thin-film
lubrication, which 1s typically used between the outer gero-
tor rotor and the housing can break down at low speeds,
especially when direction reversal occurs.

In order for an HMP to be eflective in a fully active
suspension system, 1t must have high efliciency, be sufli-
ciently rugged, and be low cost. To be used 1n a distributed
active suspension system, where at least one HMP 1s used at
cach comer of the vehicle, the HMP must also be compact
and lightweight.

In one embodiment an active or semi-active vehicle
suspension system 1s provided. At least four independent
actuators may be used that are located at the four corners of
a vehicle. In another embodiment, each actuator 1s config-
ured as an integrated umt comprising an HMP, a GEM
and/or a local electronic controller (LEC) integrated with or
within the housing of the actuator. In yet another embodi-
ment, the HMP 1s a positive displacement device. Positive
displacement HMPs provide improved torque repeatability,
and control over a wide range of pressures and fluid tlow
rates 1 both driving and damping modes. Various types of
positive displacement HMPs may be used such as, for
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example, a gerotor, an external gear, or bent axis units. A
gerotor-based HMP may be used to provide improved back-
drivability, stmplicity, packaging, and cost advantages.

The gerotor 1s a positive displacement HMP consisting of
two elements: an mner rotor and an outer rotor. The outer
rotor has one more tooth than the nner rotor and has its
centerline positioned at a fixed eccentricity from the cen-
terline of the mner rotor and shaft. Gerotors use the principle
ol conjugately generated tooth profiles to provide continu-
ous substantially fluid-tight sealing during operation. As the
rotors rotate about their respective axes, fluid enters a
chamber, bound by the mmner and outer rotors, and 1n
communication with an intake port, that grows to a maxi-
mum volume. As rotation continues, the chamber comes 1nto
communication with an exhaust port and the volume
decreases, forcing fluid out of the chamber. The process
occurs constantly for each chamber, providing a substan-
tially smooth pumping action.

A positive displacement HMP may be used eflfectively 1n
all four quadrants of the force/velocity domain to actively
drive or damp the motion of the actuator piston during both
compression and extension modes of the operation. Many
different types of positive displacement HMPs may be used
to operate a hydraulic actuator, such as for example, the
gerotor.

In some instances, it may be desirable to use an HMP that
1s bidirectional 1n both tflow and pressure with optimal
hydraulic displacement per unit thickness and per unit outer
major diameter. The outer major diameter 1s defined as the
diameter of a circle tangent at all roots of the outer gerotor
lobes (teeth). The gerotor has plurality “n” lobes on the inner
rotor and “n+1"" lobes on the outer element. The gerotor may
have an aspect ratio roughly equal to one which 1s defined
as lying inside the range ~0.85 to ~1.23. In this aspect ratio
range, the hydraulic displacement per unit thickness and per
unit major diameter 1s maximized for any thickness of the
gerotor and absolute major diameter. While the major diam-
cter 15 a driving dimension of parametric rotor profile design,
calculated scaling of other dimensions can still result in an
aspect ratio of one for any major diameter.

In the gerotor-based active suspension system, the gerotor
may experience rapid speed reversals and high accelera-
tions. It 1s, theretfore, desirable to minimize the mass of both
the inner and outer gerotor rotors to reduce 1nertial effects.
Because of their high inertia, conventional steel gerotors
increase the system’s response time. Thus, “light-weight
materials” may be used to reduce inertia and response time.
Light-weight materials may be used which exhibit high
durability and wear resistance, low coeflicient of thermal
expansion (for example, comparable to the coetlicient of
expansion of aluminum), hydraulic o1l compatibility over
the entire operating temperature range, and suitability for
mass production. Light-weight materials may include such
materials as plastics, plastic composites, and light-weight
metals such as aluminum. Densities of exemplary light-
weight materials include, but are not limited to polyether-
imide (PEI) having a density of 1.27 g/cm’, a PEI composite
with 40% carbon fiber with a density of 1.44 g/cm’, and
aluminum with a density of 2.70 g/cm’. Thus, in some
embodiments, a light-weight material may have a density
that is less than about 2.70 g/cm’. Correspondingly, the
light-weight material may have a density that 1s greater than
about 1.27 g/cm” and/or 1.44 g/cm’. It should also be
understood that other density ranges, both greater and less
than those noted above, are also contemplated.

Internal stresses on the components of a gerotor pump are
relatively low and the minimum yield strength of the mate-
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rials used 1s therefore also low. For example the vield
strength polyetherimide (PEI) may be suflicient for certain
applications, such as active suspension systems. The mnven-
tors have recognized and appreciated that one or both rotors
of a gerotor pump may be manufactured from PEI or other
similar plastics. Both the inner and outer gerotors are
normally fully immersed in a hydraulic fluid during opera-
tion.

In order to maximize valve efliciency, motor leakage
needs to be minimized and, hence, tight dimensional control
over the profile of the gerotor working surfaces 1s required
while maintaining cost eflectiveness. The material selection
needs to permit mass production techniques that can produce
tight tolerance parts while minimizing or eliminating final
machining.

It 1s not necessary that the same material be used for both
the mner and outer rotor of a HMP such as a gerotor. For
example, a high performance plastic may be used for the
mner element and P/M Aluminum (hard anodized) for the
outer element. However, a high performance plastic may be
used to manufacture the outer element. In embodiments,
injection molded fiber filled polyetherimide (PEI), such as
with 40 percent by mass carbon fiberfill, may be used to
manufacture either or both the inner and outer rotors.

In some embodiments, the rotors of the gerotor may be
manufactured by using an injection molding process includ-
ing, for example, the MuCell® 1njection molding process
developed by Trexel, Inc. of Wilmington, Mass. In such an
embodiment, either or both of the rotors may be manufac-
tured by using the MuCell® process to inject a microcellular
foam comprising a plastic material with approximately a 2%
concentration of gas. The dissolved gas may be nitrogen.
The inventors have recognized and appreciated that by using
the 1njection molding process to manufacture gerotor com-
ponents from PEI with fiberfill, the yield strength of the
material can be increased from the extruded rod stock value
of approximately 83 MPa (12,000 psi1) to approximately 200
MPa (30,000 psi1). In any case, 1t should be understood that
any of the components of a HMP may be made from any
appropriate material as the disclosure 1s not limited to only
those materials described above.

Typically an HMP exchanges energy rotationally with a
GEM by means of a shaft. A component of an HMP 1s
frequently connected to the shaft by a torque-transierring
clement, such as for example a key, and rotates relative to
other components within the HMP. In embodiments the
interface between the shait and the HMP component
attached to the shait may be substantially torsionally stifl. A
substantially torsionally stifl interface 1s defined as an inter-
face that transmits torque over the operating range of the
HMP with minimal, typically less than 0.3 degrees, relative
angular displacement between the shaft and the HMP com-
ponent attached to 1t. In embodiments the interface between
the HMP shait and the component driven by the shaft may
be floating 1n one or more planes or directions. A floating
interface 1s defined as an interface where a rotating element
1s connected to a shaft 1n a manner wherein torque 1is
transierred between the shaft and the rotating element while
the rotating element has latitude to move 1n at least one plane
or direction, other than the torsional plane, relative to the
shatt.

The outer rotor of a gerotor may be attached to a shait
while the 1nner rotor 1s rotationally supported by the gerotor
housing. Alternatively, the inner rotor may be attached to the
shaft while the outer rotor 1s rotationally supported by the
gerotor housing. This arrangement typically results 1 a
lower overall rotational moment of 1nertia. In applications,
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such as for example, a gerotor based active suspension
system, the gerotor may experience rapid speed reversals
and high accelerations.

In a gerotor based HMP, the inner rotor may be attached
to the shaft of the HMP. The inner rotor and the shait may
be distinct components and their interface may comprise a
torque-transierring element, such as for example, a Wood-
rull key, a tapered key, a parallel key, an articulating key, a
spline or a barrel spline. Alternatively, the shait and 1nner
rotor may be manufactured as a unitary component or be
tused together. An articulating key 1s a pin-block assembly,
configured with a linear element that 1s engaged 1n a slot 1n
the rotor but 1s free to rotate about an axis parallel to a shaft
radius.

In embodiments, the shaft/rotor interface may be a tloat-
ing interface 1n at least one direction or plane, such as for
example, 1n the axial direction or 1 a twisting direction.
Twisting direction 1s defined as the rotation of the element
connected to the shaft about a transverse axis parallel to a
radius of the shait. In some embodiments, a floating shait/
rotor interface may be substantially torsionally stifl. The
shaft/rotor interface be self-adjustable in at least one plane
or direction other than the torsional direction. Self-adjust-
able 1s defined as a configuration where the rotor attached to
the shaft can move relative to the shafit, 1 at least one plane,
during operation and/or assembly to accommodate dimen-
sional inconsistencies or misalignment between the shaft
and various components of the gerotor assembly. Interface
between the shait and the imnner rotor may simultaneously be
torsionally stifl and self-adjustable 1n at least one other plane
or direction.

A self-adjusting rotor may be used to effectively transmat
torque and withstand radial forces, such as for example, due
to a pressure 1mbalance while accommodating slight mis-
alignment between the gerotor elements, the housing and the
shaft.

Alternatively or additionally the shaft may be attached to
the mner gerotor element with a flexible disc. The tlexible
disc 1s may be torsionally rigid but permit limited axial or
tilting motion of the rotor with respect to the shatt.

Alternatively or additionally, the shaift may be connected
to the mner gerotor element by a constant velocity joint, for
example, comprising v-shaped grooves on the inner rotor
and corresponding yet inverted v-shaped grooves on the
shaft, which contain ball bearings. This system 1s torsionally
stifl and can carry a radial load while the bearings can move
along the grooves to allow the gerotor to adjust in the axial
or tilt directions with respect to the shaft.

Alternatively or additionally, the shait attached to the
inner gerotor and one or more bearings and/or the gerotor
housing may be adjustable 1n the axial or twisting directions
to accommodate inconsistencies or misalignment between
the shaft and various components of the gerotor assembly.

An HMP component, such as for example the inner rotor
of a gerotor, that 1s attached to a shaft with a torque-
transferring element may be manufactured from a plastic or
other relatively soft material as compared to metals (such as
for example steel or aluminum). An msert may be incorpo-
rated 1n the HMP component to provide, for example, a more
robust bearing surface to engage the torque-transierring
clement. The mnsert may be constructed from a material with
a high yield strength such as for example steel. The 1nsert
may be incorporated 1n the structure of the HMP component
by using a process such as over-molding.

Certain materials, such as various plastics, may be quite
abrastve. When one or both of the rotors of a gerotor are at
least partially manufactured from abrasive materials, com-
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ponents that they come into contact with are coated with a
hardened, wear-resistant material. For example, aluminum
components may be anodized. Alternatively or additionally,
chemical vapor deposition (CVD) or plasma vapor deposi-
tion (PVD) processes may be used to add a wear-resistant
coating, such as for example, a nitride, oxide, carbide, or
boride coating. Alternatively or additionally, a compliant
material may be added as a coating to at least a portion of
the torque-transierring element. A compliant material 1s a
material that has a lower strain to stress ratio than the
material from which the rotor, shaft, or torque-transierring,
clement 1s made. This compliant material may be, for
example, polytetrafluoroethylene (Teflon®). Alternatively
or additionally, when one or both of the rotors are at least
partially manufactured from abrasive materials, those com-
ponents may be coated with a low friction material. Certain
surfaces of the rotor, such as a face perpendicular to the
shaft, may be made oleophobic.

In embodiments, a keyway design may be used to mini-
mize stress concentrations in, for example, the inner rotor of
a gerotor HMP. Stress concentrations may be reduced by
incorporating much larger fillets in the keyway. In a con-
ventional keyway, the fillets may be approximately 0.005
inches to 0.010 inches 1n radius. One or more fillets may be
greater than 0.010 inches 1n radius. Alternatively, the fillet
radius may be greater than or equal to 0.050 inches or greater
than 0.100 1nches. Such increases in one or more fillet radii
will increase durability of the rotary element and/or the
likelihood that 1t will split or crack. In a traditional rectan-
gular shaped keyway, excessive stress concentrations may
be present at one or more of the sharp corners of the keyway.

In some embodiments, the keyway 1s aligned with the
point where the rotary element has the maximum radial
thickness to absorb stresses generated by the keyway.

It 1s not required that the keyway extend to the full axial
thickness of the rotary element. The axial length of the
keyway may be no longer than 1s necessary to support the
transierred load. If the keyway does not extend to the full
axial thickness of the rotary element, the blind end of the
keyway may also be rounded so that sharp internal corners
are avoilded to the greatest degree possible. Limiting the
axial length of the keyway avoids unnecessarily weakening
the rotary element.

The rounded keyway may be created using a tool, such as
for example, and an end mill, a ball end mill or a custom
round profile broaching tool. Alternatively, the keyway may
be formed by, for example, injection molding or casting it
the material used can be formed by using such processes.

According to one aspect, a key and the corresponding
keyway are designed to provide expanded engagement depth
in the shaft. A key with expanded engagement depth pen-
ctrates radially 1nto the shaft by an amount that 1s 1n excess
of the engagement that 1s typically necessary to transmit the
design torque. A key and keyway combination with
expanded engagement depth will be more securely retained
in the shait under high torque and high acceleration condi-
tions.

According to another aspect, the key and keyway 1 the
shaft are configured to be 1n a line-to-line {it, or alternatively
in a transition fit or an interference fit. According to still
another aspect the key and keyway {it in the rotary element
1s configured to be a clearance fit.

In some embodiments 1t may be desirable to reduce noise
induced 1n a vehicle body due to pressure oscillations 1n the
hydraulic circuit caused by the HMP. These oscillations are
objectionable because they may be transmitted through, for
example, the piston rod of the actuator piston to the vehicle
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body by means of the top mount of the shock absorber or
actuator. However, the effect of such oscillations that are
produced may be mitigated by using passive or active shock
absorber mounts capable of damping such oscillations.

In one embodiment, noise induced in the vehicle by an
active or semi-active suspension system may be reduced by
using a specially designed gerotor-based HMP 1n the actua-
tor hydraulic circuit. In other embodiments, 1t may be
desirable to reduce noise produced in the vehicle by an
active or semi-active suspension system by limiting the
operation of the HMP so that certain noise inducing torque/
speed combinations are minimized.

In another embodiment, noise induced 1n the vehicle by a
gerotor-based active or semi-active suspension system may
be reduced by optimizing the tip clearance between the inner
rotor and outer rotor of the gerotor.

In yet another embodiment, noise induced 1n the vehicle
by an active or semi-active suspension system may be
reduced by providing the hydraulic circuit with an HMP
with two or more reservoirs, buflers or accumulators. At
least one of the reservoirs, builers or accumulators may
comprise a material that i1s more compressible than the
hydraulic fluid being used. In embodiments, the compress-
ible material be a gas.

The hydraulic circuit of an active and semi-active system
typically has at least a first reservoir to accommodate the
differential between the change 1n hydraulic fluid capacity of
the compression volume compared to change i hydraulic
fluid capacity of the expansion volume as the piston moves.
This differential 1s a result of the volume displaced by the
piston rod. This first reservoir may also accommodate excess
hydraulic fluid volume due to thermal expansion or com-
pensate for the deficit 1n hydraulic flmd resulting from
thermal contraction. In situations where a piston rod, with
the same cross sectional area, 1s attached to each of the two
taces of the piston, there 1s no such volume differential, and
the reservoir typically needs to only accommodate fluid
expansion or contraction. The first reservoir may be 1n fluid
communication with the compression volume of the actua-
tor.

At least one additional reservoir or buller may be added
that 1s 1n fluid communication with the expansion volume.
This second reservoir may be used to dampen or filter out
pressure fluctuations 1n the hydraulic circuit and reduce
noise 1n the vehicle. In embodiments, the first and additional
reservoirs may not be in commumcation with the same
actuator (compression or expansion) volume.

In one embodiment, it may be desirable to reduce or
mimmize the overall mertia of the hydraulic circuit. The
inertia of the HMP may represent a significant portion of the
inertia of the hydraulic system.

In yet another embodiment, 1t may be desirable to reduce
the inertia of a gerotor by using rotors fabricated from
plastic. The gerotor elements may be fabricated using an
injection molding process. Inertia may also be reduced by
incorporating holes, such as axial holes, 1n the imner and/or
outer rotors. Such holes may also be used to securely grip the
rotors during manufacture and to also minimize axial pres-
sure diferential across the gerotor during operation.

The gerotor used 1n the active suspension system of a
passenger cars may be configured with an 8-9 lobe (tooth)
inner rotor and a 9-10 lobe outer rotor.

In embodiments, the mner rotor of the gerotor may be
loosely attached to the shaft with a key such that 1t permaits
limited axial and radial movement and tilting so as to
accommodate misalignment between the gerotor HMP ele-
ments during assembly. In embodiments, a bearing (such as,
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for example, a roller or ball bearing) may be interposed
between the outer rotor of the gerotor and the HMP housing
to reduce Iriction and increase efliciency. The bearing may
be a ball bearing wherein the outer raceway 1s fixedly
attached to the housing while the inner raceway 1s permitted
limited movement with respect to the outer rotor. This
configuration also reduces stress that may result from slight
misalignment between the outer rotor and the housing.

Vibration induced noise 1s a problem in many vehicle
systems with components that move at high velocities
because the vehicle body components may act as resonators
and amplily vibration and produce noise. In an active
suspension system, an HMP, such as for example a gerotor,
can induce resonance in a wide array of vehicle components
through operation at certain angular speeds. Because active
suspension systems may operate in all four quadrants of the
force/velocity domain (analogous to a torque/angular veloc-
ity domain), a continuous and broad spectrum of excitation
frequencies are typically present.

In one embodiment, 1t may be desirable to attenuate or
climinate noise at certain frequencies by using a torque
avoildance strategy. By using this strategy, noise from an
active suspension system, due to resonance of various
vehicle components, may be reduced. The system i1dentifies
torque/speed combinations that are problematic and likely to
induce elevated noise levels. Once 1dentified, the system
institutes a strategy that avoids these combinations, mini-
mizes their frequency of occurrence, or minimizes the length
of time that 1s spent at a given combination.

A method 1s described where “smart limits™ are used to
reduce noise created due to resonances 1n the vehicle. These
smart limits can be prioritized and/or 1ignored based on other
system or vehicle priorities such as, for example, safety or
other torque limiting conditions or based on operator pret-
erences. When the torque command system requests a
torque/angular speed combination from the HMP/GEM,
which would result in the excitation of a resonance 1ire-
quency somewhere in the vehicle, the frequency attenuation
algorithm would modity the torque request to fit within an
acceptable torque/speed envelope. IT a particular condition
exists that would prevent the selection of a desirable torque/
speed combination, the least objectionable alternative may
be chosen.

In conventional systems, typically a constant monitoring,
method 1s used to determine when, for example, a moving
mechanical component or marker arrives at a detection
point. However, such a procedure may be very computa-
tionally demanding since signmificant computing capacity 1s
wasted 1n a waiting mode. Therefore, 1n some applications
with a limited amount of computing capacity, continuous
monitoring may not be an attractive option due to high
overhead. Overhead may be, for example, any combination
ol excess or indirect computing time, memory, bandwidth,
or other resources required to attain a particular goal.
Continuous monitoring also may produce large amounts of
unnecessary data while the system waits for a mechanical
indicator or marker to arrive at the detection point. Conse-
quently, 1n some embodiments, 1t may be desirable to use a
computationally eflicient method to precisely determine the
position of a mechanical component such as, for example,
the angular position indicator of a motor. The rotary position
indicator or marker may produce a single or multiple posi-
tion readings per revolution.

In another embodiment, 1t may be desirable to determine
the position ol a motor (or other device), by using a sensor
to locate an index or marker produced by the device to
indicate its position. This could be, for example, an angular
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position of a gerotor, crankshaft, or other approprate rota-
tional device, or alternatively a linear position of a piston, a
linear motor, or other appropriate linear device. In an aspect
where the algorithm detects an absolute angular position of
a rotating motor, the motor may produce an index or marker,
for example, once per revolution, which a control system
can detect using a sensor. In order to capture the signal
produced by the marker, the detector must be collecting data
at the instant that the marker passes the detection point.
Continuously reading the output of the detector would
require 1ncreased computational capacity and produce
unnecessary data.

In one embodiment, one way to reduce overhead without
compromising accuracy of sensed data 1s to use periodic or
sporadic sensing. The detection algorithm can operate 1n a
non-real time domain of a control system. Configuring the
sensing algorithm to sample only as frequently as necessary
and convenient to determine an accurate absolute motor
position lessens the overall computational burden on the
system. In order to implement periodic or sporadic sensing
in a system where the position of the measured component
1s always changing, and often not at a constant rate, the
algorithm needs to operate at a high frequency and 1n a
manner that obtains suflicient data points and eliminates
outliers.

Using a histogram to organize motor incremental position
readings 1nto bins (the bins corresponding to the histogram’s
columns) and then identily the bin containing the largest
number of samples 1s a computationally eflicient method.
The bin (histogram column) containing the largest number
of samples corresponds to the motor’s index position.
According to this aspect, the measured component’s speed
and acceleration are 1rrelevant to the system so long as the
algorithm samples, initializes, and analyzes the generated
histograms, and completes an error check at a sufliciently
fast rate that any accelerations can be resolved as the
algorithm recalibrates 1ts nputs and outputs. In embodi-
ments, using this method to locate the exact position of a
hydraulic motor within an active suspension system, enables
smooth operation of the system. In embodiments where the
hydraulic motor 1s a gerotor, absolute motor position corre-
sponds to a particular cross sectional area between gerotor
lobes exposed to the outlet port. This cross sectional area
allects the pressure ripple in the outlet tlow 1n a predictable
manner. A counterbalancing adaptive ripple cancellation
algorithm requires the motor’s absolute position data in
order to calculate the appropnate response and 1ts timing to
reduce the pressure ripple. Reducing pressure ripple 1n the
hydraulic system 1s important as pressure ripple may result
in audible noise in the vehicle.

According to another aspect, the method to determine the
position of a motor runs as a background process of the
corner controller for an active suspension system. This
controller performs background tasks using a series of
interrupts based on a prioritized list of tasks that need to be
performed. The application also has a foreground side,
which performs tasks such as, for example, system mainte-
nance and monitoring using available computational capac-
ity.

In a further aspect, the highest priority task 1s importing
critical analog data from the controller, which, for example,
may occur at a rate ol at least 20 kHz. The next highest
priority task may be to run the periodic sensing portion of
the algorithm, described herein, at a 5 kHz rate. In this
manner, the sensor may be turned on and searching for an
index or marker approximately 5000 times per second.
Because of the computational method used to compile this
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data, the algorithm can still accurately locate the absolute
position of the motor even 1f the sensor only detects the
index produced by the motor during a fraction of one percent
of the number of times the index passes the detector. In
addition, the computational method employed by this algo-
rithm, can be implemented with an inexpensive and lower
resolution sensor, reducing overall system costs.

Because this process, that may occur, for example, 5000
times per second, 1s still very much more computationally
cilicient than continuous monitoring, significant computa-
tional capacity 1s available to perform other lower priority
tasks. Such extra capacity would not be available with
continuous monitoring. These tasks include those in the
background side of the application with lower priority as
well as the system maintenance performed in the foreground
side of the application. In one embodiment, the lower
priority tasks are run at, for example, 1 kHz and 100 Hz and
perform various communication and control tasks. The
foreground side of the application performs system mainte-
nance with the remaining computational capacity after all
background processes are complete.

In one embodiment, it may be desirable to utilize passive
damping to attenuate vibrations induced 1n the active sus-
pension actuators. Such vibrations be attenuated before they
are communicated to the vehicle body. Problematic vibra-
tions, generated 1n active suspension systems that may lead
to objectionable audible noise, are frequently concentrated
in certain frequency bands. Passive damping mechanisms
may be tuned to these problematic frequencies. The vibra-
tions may be damped at a point where the suspension system
actuators are attached to the vehicle body, such as for
example, at the top mounts position typically used to attach
shock absorbers to the vehicle body.

U.S. patent application Ser. No. 12/534,629 entitled
“REGENERATIVE SHOCK ABSORBER SYSTEM?”, filed
Aug. 3, 2009, U.S. patent application Ser. No. 13/759,467
entitled “INTEGRATED ENERGY GENERATING
DAMPER?”, filed Feb. 5, 2013, U.S. patent application Ser.
No. 14/212,431 entitled “VEHICULAR HIGH POWER
ELECTRICAL SYSTEM?”, filed Mar. 14, 2014, U.S. patent
application Ser. No. 14/213,491 entitled “SYSTEM AND
METHOD FOR USING VOLTAGE BUS LEVELS TO
SIGNAL SYSTEM CONDITIONS” filed Mar. 14, 2014,
PCT application serial number PCT/US2014/027389
entitled “MULTI-PATH FLUID DIVERTER VALVE” filed
Mar. 14, 2014, U.S. patent application Ser. No. 14/242,612
entitled “CONTACTL HSS SENSING OF A FLUID-IM-
MERSED ELECTRIC MOTOR™, filed Apr. 1, 2014, U.S.
patent application Ser. No. 14/242 636 entltled “ACTIVE
ADAPTIVE HYDRAULIC RIPPLE CANCELLATION
ALGORITHM AND SYSTEM™, filed Apr. 1, 2014, U.S.
patent application Ser. No. 14/242.,705 entitled “DISTRIB-
UTED ACTIVE SUSPENSION CONTROL SYSTEM”,
filed Apr. 1, 2014, PCT application serial number PCT/
US2014/029654 entitled “ACTIVE VEHICLE SUSPEN-
SION IMPROVEMENTS”, filed Mar. 14, 2014, and PCT
application serial number PCT/US2014/029942 entitled
“VEHICULAR HIGH POWER ELECTRICAL SYSTEM
AND SYSTEM AND METHOD FOR USING VOLTAGE
BUS LEVELS TO SIGNAL SYSTEM CONDITIONS”,
filed Mar. 15, 2014, describe active suspension systems, the
contents of all of which are incorporated herein by reference
in their entirety.

While the various embodiments described herein have
been described mostly using the example of hydraulic
motors for active suspension systems, it will be understood
by one of ordinary skill 1n the art that the various compo-
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nents and methods described herein may be applied to many
other types of motors and mechanical devices, rotary or

linear, as well as those outside of the automotive industry. In
tact, the current disclosure may be applied 1n any situation
where the value of any fluctuating quantity needs to be 5
monitored on a regular basis by using one or more sensors.

It should be appreciated that the foregoing concepts, and
additional concepts discussed below, may be arranged 1n any
suitable combination, as the present disclosure 1s not limited
in this respect. It should be further understood, however, that
the disclosure 1s not limited to the precise arrangements,
variants, structures, features, embodiments, aspects, meth-
ods, advantages, improvements, and instrumentalities
shown and/or described. Instead, they may be used singu-
larly 1n the system or method or may be used 1n combination
with other arrangements, variants, structures, features,
embodiment, aspects, methods, and instrumentalities. Fur-
ther, other advantages and novel features of the present
disclosure will become apparent from the following detailed
description of various non-limiting embodiments when con-
sidered 1n conjunction with the accompanying figures.

In cases where the present specification and a document
incorporated by reference include contlicting and/or 1ncon-
sistent disclosure, the present specification shall control. If
two or more documents incorporated by reference herein
include conflicting and/or inconsistent disclosure with
respect to each other, then the document having the later
ellective date shall control.
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The accompanying drawings are not intended to be drawn
to scale. In the drawings, each identical or nearly identical
component that 1s 1illustrated in various figures may be
represented by a like numeral. For purposes of clarity, not
every component may be labeled 1n every drawing. In the
drawings:

FIG. 1a 1s an illustration of an embodiment of an active
suspension system with actuator, HMP and noise cancella-
tion.

FIG. 15 shows a graph of the main flow and bypass flow
in an embodiment of a diverter valve.

FIG. 1c¢ illustrates an embodiment with multiple buflers
pre-charged to diflerent pressures for limiting the range of
variation of the operational bufler stifiness.

FIG. 1d 1illustrates an embodiment of multiple buflers in
a single housing pre-charged to diflerent pressures.

FIG. 1e shows a sectioned perspective view of the hybrid
bufler housing of FIG. 1d.

FIGS. 1/, 1g, and 1/ illustrate alternative arrangements of 50
hydraulic fluid conduits of the active suspension system of
FIG. 1a.

FIG. 2 1s an illustration of electric power storage and
supply for an active suspension system with low voltage,
high voltage, and common ground.

FIG. 3 1s an illustration of an active suspension user/
computer interface.

FIG. 4a shows an end view of a gerotor unit (1nner and
outer rotor) with a nine lobe inner and a ten lobe outer rotor.

FIG. 4b shows a perspective view of the inner rotor of 60
FIG. 4a.

FIG. 4¢ shows a perspective view of the outer rotor of
FIG. 4a.

FIG. 4d shows a side view of the outer rotor of FIG. 4c¢
with bearing.

FIG. 4e shows a side view of the outer rotor of FIG. 4c¢
with a bearing shown 1n partial section.

35

40

45

55

65

12

FIG. 4f shows a detailed view of the interface between the
bearing and the outer rotor of the gerotor 1n FIGS. 44 and 4e.
FIG. 4g shows a detailed view of an alternative interface

between the bearing and the outer rotor of the gerotor in
FIGS. 44 and 4e.
FIG. 5a shows a series of 6 histograms, each representing,

how frequently the HMP operates at various speeds for a
given torque over a given time period.

FIG. 36 shows the histograms of FIG. Sa where the use of

speeds 1n certain ranges, at two diflerent torques, are attenu-
ated.

FIG. 5¢ 1s a contour map of torque vs. angular velocity
showing particular areas that cause resonances to occur 1n
the vehicle.

FIG. 54 15 a plot of torque and angular velocity vs. time,
which depicts a slice of the contour map shown 1n FIG. 5¢
at each value for time showing the acceptable torque range
for the corresponding angular frequency.

FIG. 6a depicts the first portion of a method for sensing
the absolute position of a motor in which an algorithm may
find an 1ndex or marker from a motor and i1nitialize a
histogram around that incremental motor position.

FIG. 6b depicts the second portion of an algorithm for
finding the absolute position of a motor comprising analyz-
ing the histogram initialized 1n the first part of the algorithm
and computing the motor’s absolute position using that data.

FIG. 6c¢ 1s a depiction of an outcome of a histogram within
the overall method of determining the absolute position of a
motor that would not return an error i1n the histogram edge
error-checking step.

FIG. 6d 1s a depiction of an outcome of a histogram within
the overall method of determining the absolute position of a
motor that would return an error in the histogram edge
error-checking step and lead to a repetition of the detection
Process.

FIG. 7a 1llustrates a conventional top mount of a shock
absorber.

FIG. 7b 1llustrates a modified top mount of an active
suspension system modified to incorporate a tuned mass
damper.

FIG. 8a shows an embodiment of a hydraulic motor/pump
and shait 1llustrating the planes or directions 1n which the
hydraulic motor pump 1s able to dynamically self-adjust.

FIG. 85 shows the embodiment of a hydraulic motor/
pump and shait of FIG. 8a wherein shaft/rotor interface 1s
torsionally stil.

FIG. 9q 1llustrates a shaft with an articulating key (pin-
block assembly) as a torque-transferring element.

FIG. 9b 1llustrates a shaft with a modified Woodrufl key
torque-transierring element.

FIG. 10a illustrates a sectioned view of a shaft/rotor
interface with a Woodrull key torque-transferring element.

FIG. 1056 illustrates a partially sectioned view of a shatt/
rotor interface with a torque-transierring element engaged in
a rotor insert.

FIG. 10c 1llustrates a partially sectioned view of a shatt/
rotor interface with a padded torque-transierring element
engaged 1n a slot 1n a rotor.

FIG. 104 1llustrates a partially sectioned view of a shaft/
rotor interface with an articulating pin-block assembly
torque-transierring element.

FIG. 10e¢ 1illustrates a sectioned view of a shait/rotor
interface with a hybrid Woodruil pin-block assembly torque-
transierring element.

FIG. 107 illustrates a sectioned view of a shait/rotor
interface with a flexible disc torque-transierring element.




US 11,635,075 Bl

13

FIG. 10g illustrates a partially sectioned end view of a
shaft/rotor 1terface of FIG. 10f.

FIG. 11a 1llustrates a partially sectioned end view of an
inner rotor of a gerotor with a multi-tooth hub.
FI1G. 115 illustrates another partially sectioned end view 5
of an mner rotor of a gerotor with a multi-tooth iner hub.
FIG. 11c 1llustrates a perspective view of an inner rotor of
a gerotor configured to receive a hub.
FI1G. 11d illustrates a perspective view of a hub configured
to be recerved i the opening of the rotor 1 FIG. 1lc. 10
FIG. 1le illustrates a perspective view ol a hub an
assembly consisting of the rotor and hub shown in FIGS. 11c¢
and 11d respectively.

FIG. 12a illustrates a perspective view of a shait with
barrel shaped splines. 15
FI1G. 126 illustrates a perspective view of an inner rotor of

a gerotor configured to slideably recerve the shait in FIG. 5a.
FIG. 13 illustrates a keyway with stress risers caused by
sharp corners.
FIG. 14 1llustrates a keyway with rounded corners. 20
FIG. 15 1llustrates a keyway located at a position where
stress risers line up with rotor lobes.
FIG. 16 illustrates a blind keyway.
FIG. 17a illustrates the front view of a conventional
woodrufl key. 25
FI1G. 175 illustrates the top view of a conventional wood-
rull key.

FI1G. 17c¢ illustrates the front view of an embodiment of a
modified key.

FI1G. 17d illustrates the top view of the embodiment in 30
FIG. 2c.

FIG. 18 illustrates an embodiment of a shait interface with
a rotary element.
FI1G. 19 illustrates an embodiment of a shaft coupled to a
rotary element with the key shown 1n FIG. 1c. 35
FI1G. 20q illustrates a schematic of another embodiment of
shaft coupled to a rotary element.

FIG. 2056 1llustrates a schematic of the embodiment of
shaft coupled to a rotary element where the rotary element
has pivoted about a radial axis. 40

DETAILED DESCRIPTION

Certain exemplary embodiments will now be described to
provide an overall understanding of the principles of the 45
structure, function, manufacture, and use of the system and
methods disclosed herein for an active suspension system.
One or more examples of these embodiments are 1llustrated
in the accompanying drawings and described herein. Those
of ordinary skill in the art will understand that the systems, 50
methods, and examples described herein and 1llustrated in
the accompanying drawings are non-limiting exemplary
embodiments and that the scope of the present disclosure 1s
defined solely by the claims. The features illustrated or
described 1n connection with one exemplary embodiment 55
may be combined with features of other embodiments and
that these features may be used individually, singularly
and/or 1n various combinations. Such modifications are
intended to be included within the scope of the present
disclosure. 60

FIG. 1a illustrates an aspect of an embodiment of the
hydraulic circuit of an active suspension system 1 compris-
ing an actuator 2 which includes piston 3 with piston rod 5.
Piston 3 1s slideably received in actuator housing 6 and
divides its iternal volume into compression volume 7 and 65
expansion volume 8. The compression volume 1s com-
pressed by the piston when the piston 1s moved further into

14

the housing while the expansion volume 1s compressed
when the piston 1s pulled out of the housing. Accumulator
(reservolr) 9 may be incorporated 1n actuator housing 6 and
separated from compression volume 7 by floating piston 10.
An additional or alternative accumulator may be incorpo-
rated in the upper portion of actuator housing 6 and be
separated from expansion volume 8 by an annular piston
(not shown). An accumulator may also be located external to
the actuator housing 6 and configured to be in fluid com-
munication with the compression volume or the expansion
volume. Accumulator 9 may be used to accommodate tluid
expansion or contraction as a result of, for example, tem-
perature change as well as the differential between the
change 1n hydraulic fluid capacity of the compression vol-
ume compared to change in hydraulic fluid capacity of the
expansion volume as a result of the motion of the piston.

The hydraulic circuit of an active suspension system 1
further comprises a hydraulic motor pump (HMP) 11 with a
first port 12 and a second port 13. The HMP may be a
positive displacement device so that the piston 3 and the
HMP may move substantially in lockstep with each other. In
this arrangement, the movement of the actuator piston 3 can
be controlled more effectively 1n both absorbing and driving
modes. In some embodiments the HMP 1s a gerotor. A
gerotor-based HMP, incorporated 1n the system in FIG. 1a,
will move largely 1n lockstep with the piston, 1.e. the angular
velocity of the gerotor will be substantially directly propor-
tional to the velocity of the actuator piston over the desired
operating range of the gerotor. Therefore, 1n this arrange-
ment 1t 1s possible to eflectively, reliably and accurately
control the motion of the piston by controlling the rotational
motion of the gerotor. However, embodiments in which the
HMP does not move 1n lockstep with the piston, at least at
some operating points of the system, are also contemplated.

FIG. 1a illustrates the use of bypass valves to prevent
damage to the HMP due to over-speeding. For example, 1f
the actuator 2 1s being compressed at an excessive rate, at
least a portion of the fluid flowing out of the compression
volume 7 may be bypassed so that 1t flows directly into the
expansion volume 8 without passing through the HMP. Fluid
flowing out of the compression volume may be bypassed by
bypass valve 14. Fluid flowing out of the expansion volume
may be bypassed by bypass valve 15. First port 12 of the
HMP 1s 1n fluid communication with bypass valve 14 by
means of conduit 14a. Second port 13 of the HMP 1s 1n fluad
communication with second bypass valve 15 by means of
conduit 15a. Bypass valve 14 and bypass valve 15 are also
in fluidd communication with compression volume 7 and
expansion volume 8, respectively. When bypass valve 14 1s
actuated, at least a portion of a fluid flow leaving compres-
sion volume 7 1s diverted back into expansion volume 8 by
means ol conduit 14b. When bypass valve 15 1s actuated, at
least a portion of a fluid flow leaving expansion volume 8 1s
diverted back to compression volume 7 by means of conduit
15b6. The bypass valves 14 and 15 may be passive diverter
valves that are self-actuated when the velocities 1n conduits
14a and 15aq, respectively, reach a certain threshold velocity.
In embodiments the operation of the diverter valves may be
substantially independent of fluid pressure. In embodiments,
the operation of the diverter valves be completely indepen-
dent of fluid pressure. In embodiments, the valves 14 and 15
may be progressively damped bypass valves wherein the
amount of fluid being bypassed 1s proportional to the tlow
rate of fluid entering the valve that 1s 1n excess of a threshold
value. In FIG. 1a, the bypass valves are shown to be external
to actuator housing 6. One or both of these valves may be
integrated with the housing.
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Additionally or alternatively, blow-ofl valves may be used
to prevent an over-pressure condition in the housing. For
example, blow-ofl valve 16a may be used to limit the
maximum pressure in the compression volume 7, while
blow-ofl valve 1656 may be used to limit the maximum
pressure 1n the compression volume 8. Any convenient
blow-ofl valve may be used including, for example, a
spring-loaded check valve or a preloaded shim stack.

In the depicted embodiment, a HMP 11 1s operatively
coupled with a generator/electric motor (GEM) 17, which 1s
used to both drive the HMP when it needs to be operated as
a pump or to absorb power when the HMP 1s functioming as
a motor. The GEM may be a BLDC (brushless DC) motor
although any convenient electric motor/generator may be
used such as, for example, axial field motor/generators,
induction motor/generator, switched reluctance motor/gen-
erators, and brushed motors. The GEM 17 may also be
integrated with the HMP by, for example, embedding mag-
nets and/or electric coils 1n the mner or outer rotors of a
gerotor-based HMP.

In some embodiments 1t may be advantageous to have a
local controller in close proximity to the GEM 1n order to,
for example, minimize communication delays. Local elec-
tronic controller (LEC) 18 1s used to operate the GEM in
response to various measurements and the output of internal
and/or external sensors. The LEC may comprise, for
example, a local data processor, data storage, and sensors as
well as energy storage such as, for example, batteries and/or
capacitors. It may be configured to operate, at least occa-
sionally, independently of centralized power storage and
control. The LEC 18 may also operate as part of a network
and deliver data to and/or receive data from a vehicle control
unit 19, vehicle sensors, communication systems, and one or
more other active suspension systems. The controller may
also exchange information and electric power with a cen-
tralized controller and energy storage/conditioning device
20 which may comprise, for example, a power storage
capacitor, a battery, and a DC-DC voltage converter and
power management systems. The centralized controller and
energy storage/conditioning device 20 may be configured to
exchange electrical energy with a vehicle power storage
device 21 such as, for example, a battery, a capacitor, or a
flywheel.

Typically an HMP, especially 11 it 1s a constant displace-
ment device, will induce pressure ripple in the hydraulic
circuit. This ripple may cause oscillations, for example, 1n
piston 3, which may be transferred to vehicle body compo-
nents 22 by means of, for example, the top mount 23. A
bufler 24 may be used to attenuate the pressure ripple. The
butler 24 may be 1n fluid communication with the hydraulic
circuit at a point that 1s 1n close proximity to the HMP port
that 1s furthest from the accumulator 9. The bufler 24 1s at
least partially filled with a compressible material 24a that 1s
more compressible than the hydraulic fluid used in the
hydraulic circuit. The compressible material 24a may be a
gas, such as for example, nitrogen. Alternatively or addi-
tionally, the compressible material may be comprised of, for
example, closed-cell foam. The compressible material may
be separated from the hydraulic fluid by, for example, piston
24b, or a tlexible diaphragm (not shown). Alternatively the
compressible material may be sealed in a flexible bladder
(not shown).

Multiple bullers may be utilized at various points 1n the
hydraulic circuit. The stifiness of these builers may be
suilicient so as not to detract from the system response, but
not so high that there 1s insuflicient attenuation of the
induced pressure ripple. Multiple buflers with different
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degrees of stifiness may be used so as to achieve desired
performance at various operating conditions by limiting
variability of system stiflness.

In 1nstances where induced pressure ripple has not been
sufliciently attenuated in the hydraulic system, 1t may result
in vibrations in various body components 22 that may
radiate audible sound 25. The vibrations 1 body compo-
nents may be attenuated by using active or passive vibration
dampers 26. Another way of attenuating the sound caused by
the noted vibrations 1s to use radiated audible sound 25. The
radiated audible sound may be provided by using speaker 27
in a noise cancelling arrangement to achieve reduced noise
28. The speakers of the vehicle entertainment system may be
used for noise cancellation. The noise cancellation system
using speaker 27 may be driven using noise or vibration data
collected by various sensors, such as for example, micro-
phones (not shown) and/or accelerometer 29a. Alternatively
or additionally, information about the operating parameters
of an HMP, such as, the instantaneous torque produced or
absorbed by an HMP (for example of a gerotor) and/or 1ts
angular speed or position may be used 1n conjunction with
the transfer function of the vehicle body to control the
operation of the speaker for noise cancellation.

Additionally or alternatively, the relative phasing of two
or more HMPs in a vehicle may be changed 1n order to
achieve cancellation of vibration in a given body component
22 induced by these multiple HMPs.

Various sensors may be used to measure various perfor-
mance and environmental parameters for control and diag-
nostic purposes. For example, an accelerometer 29a may be
used to measure the displacement of and vibration in the
piston rod 3. Pressure sensors 295 and 29¢ may be used to
measure the pressure 1n the expansion volume 8 and com-
pression volume 7 respectively.

In embodiments two or more system components, for
example, actuator 2, HMP 11, GEM 17, LEC 18, bypass
valves 14 and 135, and/or bufller 24 may be consolidated in
a unit or single housing located at each of the four corners
of a vehicle.

FIG. 15 1illustrates the operation of a progressively
damped passive bypass valve where Q,, .. is the flow rate of
the main flow entering the bypass valve and Q,, is the flow
rate of the bypassed flow. The valve is activated when Q,, .
exceeds threshold 40. The threshold 40 may substantially be
a function of Q,,, ., and independent of pressure. In embodi-
ments, the threshold 40 may be independent of hydraulic
pressure. As the flow rate entering the bypass valve
increases, the bypassed flow also increases (shown by
dashed line) limiting the amount of fluid flowing past the
valve. The bypassed flow rate may be adjusted by the valve
so that the flow rate flowing past the valve be substantially
constant after Q,, . has surpassed threshold 40 (shown as
solid line 1 FIG. 15).

FIG. 1c¢ illustrates a dual buller arrangement 45 with low
pressure buller 46 and high pressure buller 47 which are 1n
fluid communication with the hydraulic circuit by means of
conduit 48. As the hydraulic pressure 1n conduit 48
increases, low pressure butler piston 46a compresses buller
volume 465 while piston 47a remains seated against the stop
49 because of the elevated pre-charge pressure 1n volume
47b. When the pressure in conduit 48 surpasses the pre-
charge pressure i volume 475, buller 47 1s activated ofler-
ing a reduced level of system stiflness at elevated pressures
compared to buller 46. In the system of FIG. 1a, the
pressures utilized 1n a dual buller may be approximately 280
pst and 480 psi1 for the low pressure and high pressure
buflers, respectively. The bufler volumes 465 and 475 may
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be filled with any convenient compressible material, such as
for example, nitrogen. The pistons 46a and 47a (1.e. more
compressible than the hydraulic fluid) may, for example,
incorporate or be replaced by a flexible diaphragm. Alter-
natively or additionally, properly constrained seal bladders
may be used to contain the compressible material 1n volumes
465 and/or 475.

FIG. 1d shows a side sectioned view of a dual butler in a
single hybrid bufler housing 50. Annular high pressure
bufler volume 51 i1s separated from the hydraulic fluid by
flexible annular piston 52. The motion of piston 52 1is
constrained 1n one direction by perforated cover 53. Central
low pressure bufler volume 54 1s defined by the space
between tlexible piston 55 and housing 350. Volume 56 1s
filled with hydraulic fluid and 1n communication with the
hydraulic circuit by means of perforations in plate 53. FIG.
1 shows a perspective sectioned view of the dual bufler of
FIG. 1d. Condut 57 1s used to pre-charge the low pressure
bufler volume 54.

FIG. 1e shows a perspective view of the dual bufler
depicted 1n FIG. 14 with an annular high pressure buller
volume 31 and a central low pressure bufler volume 54.
Conduit 57 1s configured to pre-charge low pressure buller
volume 54.

FIGS. 1f through 1/ 1llustrate exemplary alternatives in
the arrangement of conduits by which the bypass valves
communicate with the hydraulic circuit. The bypass valves,
and at least a portion of the conduits, may be incorporated
into actuator housing 6.

FI1G. 2 1llustrates an exemplary electrical power distribu-
tion and storage system 60 for four active suspension corner
controllers (CCs) 61a-61d configured for the active suspen-
s1on system of an automobile. CCs 61a-61d drive individual
actuators and/or collect energy generated by them. The main
vehicle power storage may be, for example, a 12-volt battery
62. The battery voltage (typically 12 VDC) may be boosted
to, for example, 48 VDC by DC-to-DC converter/controller
63. Parallel energy storage 64, such as for example, an
ultra-capacitor (super-capacitor), may be included to accom-
modate high peak power requirements. In embodiments, the
parallel energy storage 64 may have a capacity, for example,
in the range of 100-1000 J. Capacity ranging up to 10,000 J
or more may be preferred.

In some embodiments, a central vehicle controller (CVC)
65 1s configured to provide electrical power to the CCs
61a-61d, various energy storage components, and electron-
ics. The CVC 65 also protects the electronics and storage
components from damage by, for example, preventing over-
voltage, under-voltage, and/or overcurrent conditions. Addi-
tional power storage may be provided by a secondary energy
storage system 66, which may include, for example, a 48
VDC battery 66a, a lithtum-1on polymer battery, and battery
management electronics including, for example, cell-balanc-
ing and coulomb counting electronics (not shown). In some
embodiments, the secondary energy storage may have a
capacity between or equal to 20,000 to 30,000 1, or 1n other
embodiments between or equal to 30,000 to 50,000 J. Power
conditioning capacitors 67a-67d are used to provide power
conditioning to the four corner controllers 61a-61d, respec-
tively.

CVC 65 may comprises power MOSFETs 68a-68c¢, addi-
tional MOSFET 69, (shown in open configuration) and
pre-charge resistor 70. At start up, when capacitors 67a-67d
may be discharged, exposing them to the full voltage of, for
example, battery 66a, may cause excessive currents leading
to damage to, for example, the corner controllers 61a-61d

and the battery 66a and the power MOSFETs 68a-68b6. The
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MOSFETs may be arranged in a manner where the associ-
ated body diodes are directed so as to preclude leakage tlow

path when the MOSFETS are open. At start up, MOSFET 69

1s closed and the power conditioning capacitors 61a-61d are
allowed to charge up through pre-charge resistor 70 and a
closed power MOSFET 68a, and/or body diode 71a. After
power conditioning capacitors 61a-61d are at least partially
charged, MOSFETs 686 and 68c¢ are closed and the system
1s allowed to operate normally. If, however, an anomalous
condition 1s detected, for example, wherein excessive volt-
age 15 generated by one of the actuators and the associated
corner controller, MOSFETS 68a-68c, and 69 may be

opened to protect the components, such as for example,
DC/DC converter 63 and battery 66a.

MOSFET 68c¢c may be operated so that 1t 1s closed only
when the voltage differential between nodes 72 and 73 1s
within an acceptable threshold. Preferably, the threshold 1s
less than approximately 1V and more preferably the thresh-
old 1s approximately OV. Zero-voltage switching limits dam-
age to electrical components due to power surging.

Additionally, the system may monitor the operational
integrity of MOSFETs 68a-68c¢ and 69. For example, it may
check for current passing against the MOSFET s body diode
when the MOSFET s switch 1s open. If the system detects
current passing in this direction, the switch has likely
shorted. Using this integrity evaluation method, the system
may monitor various components for faults and indicate
where and when they occur.

FIG. 3 illustrates an exemplary user/computer interface
(UI) 80 for exchanging information with an active suspen-
sion system. The Ul may comprise individual indicator
lights or an integrated display screen 81 which may be touch
sensitive with two-way communication capabaility. Indica-
tors may convey information, for example, alphanumeri-
cally or by using indicator colors. An energy indicator 82
may be used to convey information about tlow of energy
between different components of the system. For example,
the amount of energy being consumed and/or generated by
one or more of the actuators may be displayed. The value
being displayed may be an instantaneous value or represent
an average over a selected time period. Mode indicator 83
may be used to specily the mode of operation of the system.
It may also be configured as a touch sensitive mode selector
button. Modes may be used to select, control, or limit
various operating parameters such as, for example, power
consumption and impact on fuel economy as well as vehicle
handling, feel, and comiort.

Diagnostic indicators may be used to communicate
whether the diagnostic system 1s on or oil

, 1n active or
passive mode, or 1n a fault or no fault condition. In distrib-
uted active suspension system two or more wheels of a
vehicle have substantially independent HMPs, GEMs and
LECs. One or more LECs may communicate with other
controllers.

Diagnostics for such systems may be based on data
collected by the monitoring of the overall system, sub-
systems such a suspension unit, or individual components
such as, for example, the GEM 17, the HMP 11, LEC 18 or
the actuator 2. Data may be collected, for diagnostic pur-
poses, during a particular period such as, for example, an
hour, a day, a week, a month, a year, since a particular event
or occurrence such as an accident, breakdown or vehicle
repair, or the life of the system. Average or instantaneous
data collected during a certain time period may be compared
to data collected over a diflerent period. Alternatively or
additionally the evolution of performance data may be
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monitored and evaluated. Instantaneous and/or average data
may be compared to, for example, baseline manufacturer
specifications.

Alternatively or additionally average and instantaneous
data collected from one sub-system or component may be
compared to one or more other sub-systems or components
of a vehicle. For example, the performance data collected
from suspension components associated with one wheel
such as for example an HMP or a GEM, may be compared
to the performance of corresponding components associated
with one or more other wheels. For example, the 1nstanta-
neous or average power consumption data from the suspen-
s10n unit associated with a front wheel may be collected and
compared to the instantaneous or average power consump-
tion data of, for example, a rear wheel on the same side of
the vehicle or the other front wheel.

Instantaneous and/or average data from a vehicle system,
a subsystem or a component may be collected and compared
to corresponding data from other vehicles that are, for
example, operating on the same or similar roads (as deter-
mined from, for example, GPS data), in a particular (or
local) area, a particular region, of a particular vehicle model
or manufacture, with a certain use profile, serviced by a
certain repair facility or repaired by a certain individual.
This information may be exchanged directly between
vehicles or between a vehicle and one or more central data
collection facilities using one or more convenient commus-
nication technologies, such as wireless or the Internet. The
information may be exchanged on an ongoing basis or
uploaded 1n a batch basis at a convenient time during vehicle
operation, when the vehicle 1s not being used, or 1s being
serviced.

The diagnostics may be active or passive. The passive
diagnostics may, for example, comprise monitoring data
from or related to the overall system or one or more
subsystems or components or sensors. Data may include
information such as, for example, power consumption and/
or power production by one or more of the actuators or the
output from various sensors such as, for example, acceler-
ometers, pressure sensors, strain gauges, proximity sensors,
and range detectors. In addition to 1nstantaneous or average
values of one or more parameters, other statistical quantities
such as, for example, maxima, minima, or standard devia-
tion of various parameters may be monitored or compared.
These quantities may include, for example, actuator force,
actuator velocity, power produced, power consumed,
hydraulic pressure, fluid temperature, fluid dielectric con-
stant, GEM temperature of various batteries and power
components.

Determination of the existence of a fault, and the severity
of such a fault, may be based on instantaneous data or data
averaged over time. For example, a fault determination may
be at least partially based on the existence of changes 1n the
performance of a particular actuator, for example, 1ts elec-
tronics, HMP, GEM and associated sensors over a particular
time period. Alternatively or additionally, a fault determi-
nation may be based on differences in the performance of
two or more actuators either instantaneously or averaged
over time. For example, extraordinary difference in power
consumption or generation among two or more actuators 1n
a vehicle may be used as a fault indicator. This difference
may be based on average values determined over a sufli-
ciently long period of operation so that the effect of road-
induced anomalies are minimized. For example, 11 during
normal operation one actuator 1s consistently consuming 20
percent, or other predetermined threshold value, more aver-
age power over a predetermined period than the other
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actuators, a fault status may be declared. Alternatively if one
actuator 1s producing 50 percent, or other predetermined
threshold value, less power than the other actuators over a
predetermined period, a fault status may be declared.

An alternative diagnostic may be based on changes to the
amount of power being produced or consumed by the same
actuator over a period. For example, 11 a given actuator 1s
found to have an increase of 10 percent, or other predeter-
mined threshold value, net power consumption each month
while the consumption by other actuators 1s constant a fault
may be declared. Alternatively, 1f there 1s a significant and
precipitous change in the power production of a given
actuator after an event, such as a repair procedure or
accident, a fault may be declared.

The active suspension system may also be used in an
active diagnostic mode where one or more actuators are used
to induce a certain motion or excitation in the vehicle. The
system may then use available output from various sensors
and measurements to determine 11 the performance 1s within
acceptable limits. These limits may be predefined by, for
example, a manufacturer, the vehicle owner or operator by
using the Ul or established by the performance of the
particular actuator or other actuators over a particular period
of time. This process may be performed, with or without
vehicle operator intervention, while the vehicle 1s being
driven on the road or when 1t 1s stopped, for example, at a
repair facility. The diagnostics indicator 84 may be config-
ured as a touch sensitive button to allow the vehicle operator
to 1nitiate an active or passive diagnostic mode and/or set
various diagnostic parameters. Fault indicator 85 may be
used to 1ndicate actuator-specific operational status by, for
example, using a color or alphanumeric code.

A charge status indicator 86 may be used to show the level
of charge 1n one or more energy storage devices. This
information would allow the vehicle operator to make
selections that will, for example, assist in conserving energy
by selecting operating modes that are less energy intensive.

The posture indicator 87 may be used to select the manner
in which a vehicle greets or responds to a vehicle operator.
For example, an operator may use the posture indicator 87
to program the active suspension system to make a sequence
ol certain movements 1n response to the presence of, for
example, a certain operator. For example, when an operator
uses a keyless entry system that identifies that operator, the
active suspension system may perform a series of greeting
moves, such as for example, a bow or a rocking motion. In
addition, these gestures may be programmed to occur when
the operator locks and/or unlocks the vehicle. This system
response may be dependent on other parameters such as, for
example, the active suspension system may react differently
depending on the time of day, or i the encounter 1s the first
one of the day. The desired responses may be preselected, by
using the Ul, by the operator and/or owner for one or more
individuals that may have access to the vehicle.

A road metrics indicator 88 may be used to convey the
quality of the road being travelled. Road metrics may
include, for example, frequency of potholes, depth of pot-
holes, tlatness of the road surface, the lateral slope and
longitudinal slope. With an active suspension system, a
driver may be unaware of the quality of the road and the road
metrics indicator may help the operator tailor the vehicle
speed to the road condition and avoid unsafe conditions.
Road metrics information may also be shared with other
vehicles and parties. For example, the indicator may be used
to rate the quality of the road being travelled by the vehicle
relative to, for example, other vehicles 1 a given locality or
broader region or against an absolute metric. Information
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gathered 1n this manner may be exported to other interested
parties such as, for example, municipal officials responsible
for road repair and maintenance.

A software interface indicator 89 may be used to inform
an operator that various software updates may be available.
This 1indicator may also be configured as a touch sensitive
button so that the operator may utilize 1t to i1mtiate a
download at a desired time. Downloads may occur via
various communication networks.

A social metrics indicator 90 may be used to indicate the
clliciency benefit that 1s gained from the power generating
capacity of the suspension system. For example, the system
may compute and display the fraction of the energy used by
the active suspension system that 1s provided by means of
regeneration.

A computer interface may be provided to the active
suspension system by means of, for example, a USB port 91,
or inirared port 92, or the vehicles OBD II system (not
shown). A computer interface may be used to collect per-
formance and diagnostic data from the system and also
provide more in depth user communication with the system
than 1s offered by indicators 82-90.

A computer interface may also be used to collect and
record positional data from the actuators during various
modes of operation. These modes may include, for example,
fully active suspension system operation and/or passive
system operation. The computer interface may also be used
to collect such positional data with the vehicle operating as
a passive suspension system. The positional data may be
collected as the vehicle 1s travelling over various road
surfaces. The recorded data may then be replayed for
demonstration purposes in, for example, a vehicle show
room, so that potential customers may be able to observe or
experience the benefits that they would gain by purchasing
a vehicle with the active suspension system. Alternatively or
additionally, the relative benefits of a particular active sus-
pension system may be demonstrated by using this play-
back feature.

A gerotor-based HMP may be used 1n a variety of hydrau-
lic actuation systems, such as for example, active suspension
systems, that require rapid response but need to be manu-
factured at a relatively low cost. FIG. 4a illustrates a gerotor
100 with 1nner rotor 101 with 9 lobes and outer rotor 102
with 10 lobes. Selecting number of lobes of a gerotor 1s a
trade-ofl between minimizing pressure ripple (and noise)
and maximizing efliciency (including volumetric efliciency).
Increasing number of lobes will typically reduce ripple as
well as reduce efliciency. The inventors have recognized and
appreciated that nine mner lobes and 10 outer lobes offer a
good compromise for active suspension systems based on
this tradeoil but other combinations of inner and outer lobe
numbers may be used and this disclosure 1s not so limited.

Circular opening 103 1s configured to receive the gerotor
shaft (not shown). The inner rotor 101 may be loosely
attached (1.e. not fixedly) to the shaft. The opening 103 may
be sized so as to receive the drive shaft with a slip fit and
allow limited relative motion. The 1nner rotor 101 1s there-
fore configured to accommodate minor misalignment 1n the
gerotor assembly (not shown). The clearance between the
shaft diameter and diameter of the opening 103 may be
approximately greater than 0.0002" but less than 0.003." It
1s preferred that the clearance between the shaft diameter
and diameter of the opening 103 be approximately greater
than 0.001" but less than but less than 0.002".

This “floating” configuration prevents the inner gerotor
from becoming wedged in during assembly such as, for
example, between end plates of the gerotor assembly that
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may not be pertectly parallel to each other and/or not
perpendicular to the drive shaft. The mner gerotor may be
connected to the drive shaft via a key, which fits into a notch
on the 1nside of the mner gerotor. This notch may span the
tull height of the gerotor. The 1nner gerotor, 1s intended to be
attached with suflicient freedom of movement so i1t can
self-adjust to 1ts optimal position 1n relation to the dnive
shaft. A single notch/key may be used to permit increased
leeway for self-adjustment.

In FIG. 4a, axis 104 1s the axis of symmetry of the
combination of mnner rotor 101 and outer rotor 102. The
centers of each of the gerotor rotors are located on axis 104
but are offset from each other. Rotor 101 1s configured with
9 lobes. Lobe 104a 1s 1n the top dead center position. The
spacing between lobe 104a (inner rotor) and 1045 (outer
rotor) 1s the tip clearance.

The tip clearance may be adjusted by moving the inner
rotor 101 and outer rotor 102 relative to each other while
substantially constraining their respective centers to axis
104. Because of manufacturing tolerances, as the rotors
rotate about their respective centers during operation and
different mner and outer lobes become aligned with each
other, the tip clearance may vary. The tip clearance may be
maintained at a value that 1s approximately 1n the range
between 0.0005" to 0.003". The inventors have recognized
and appreciated a tip clearance between 0.001" and 0.002"
1s most optimal. An excessively large tip clearance may
result 1n too much leakage.

The tip clearance may be set by configuring a calibration
apparatus that facilitates the operation of the gerotor HMP
while the tip clearance 1s being varied. During operation
various parameters, such as for example, pressure ripple,
pressure drop across the gerotor, leakage flow, speed, noise
and vibration may be monitored while the tip clearance 1s
adjusted. The operational tip clearance 1s then set at a value
that produces the optimal performance. Performance may be
gaged based on parameters, such as for example, output tlow
rate at a given pressure and the amount of pressure ripple
produced. Alternatively or additionally the gerotor may be
operated dry, 1.e. without hydraulic liquid. Dry operation
measurements of parameters such as pressure drop across
the gerotor HMP may also be used to optimize tip clearance.

These processes allow the clearance between the inner
and outer gerotors to be set and locked ito a particular
orientation that minimizes mechanical interference between
the two rotors, leakage, and the torque ripple.

FIG. 45 1llustrates inner rotor 101 with nine lobes and
nine holes 101a. The holes may serve several functions
including, for example, reducing angular inertia, allowing
hydraulic fluid pressure equalization between the faces of
the rotor (1f they are through holes), maintaining more
uniform wall thickness. Uniform wall thickness facilitates
flow of material and reduces stress during cooling 1n a mold
i the rotor 1s manufactured by injection molding. Key 105
may be used to couple the mner rotor 101 to the shait (not
shown). The key 104 may be molded as a part of the rotor
(1 manufactured by 1njection molding), physically attached
to the rotor by, for example, an adhesive. Alternatively, a
conventional key may be used that 1s coupled to the rotor
with an appropnately sized conventional keyway.

FIG. 4c¢ 1illustrates outer rotor 102 with ten lobes and ten
holes 102a. The holes may be used to reduce angular 1nertia,
allow hydraulic fluid pressure equalization between the
faces of the rotor (1 they are through holes), and maintain
more uniform wall thickness. The outer cylindrical surface
105 of rotor 102 may be configured with radially protruding
circumierential surface 106 that 1s sized to be slideably
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received 1n the mner race of a roller or ball (not shown). The
outer diameter of surface 106 1s greater than the outer
diameter of cylindrical surface 105. The axial length and
diameter of surface 106 may be less than the axial length of
diameter of the outer roller or ball bearing (not shown).

FIG. 4d 1llustrates outer rotor 102 slideably received in
ball bearing 107. FIG. 4e shows the ball bearing 107 of FIG.
dd 1n section. FIG. 4f 1llustrates a detailed cross-sectional
view of the interface between the portion of the surface of
outer rotor 102 conironting the inner cylindrical surface of
ball bearing 107. In embodiments a gap may be incorporated
between the outer surface 106 of ring 105a and the inner
surface 107a of inner raceway of bearing 107. The ring 1054
may be integral with the surface 105 and made as a single
piece with outer rotor 102. In this configuration, outer
raceway 1075 of bearing 107 may remain fixedly attached to
the gerotor housing (not shown) while the outer rotor 102
has the latitude to move slightly in the axial and transverse
directions as well as to tilt to a small degree to accommodate
minor misalignment among various elements of the gerotor
and 1ts housing.

FI1G. 4g also 1llustrates a detailed cross-sectional view of
the mterface between the portion of the surface of outer rotor
102 conironting the mner cylindrical surface of the inner
raceway 107a of ball bearing 107. Surface 1064 1s a convex
arcuate surface forming a variable thickness gap with inner
surface of raceway 107a. The arcuate surface can accom-
modate slight tilting of the outer rotor 102.

FIG. 5a shows a series of angular speed histograms 120
of an HMP for torques T, through T.. Fach vertical bar
represents the frequency (N) 121 of occurrence of a given
angular speed 0 for a given torque T, through .. FIG. 556
shows the histograms of FIG. Sa where frequency attenua-
tion has been implemented to suppress the occurrence of
certain torque and angular speed combinations, for example
because, those combinations excite resonance frequencies in
a vehicle. FIG. 5b shows that all HMP speeds are available
tor torques T, through T, and t.. But the use of torque T, the
in angular speed bands 122 and 123, as well as use of torque
T, for bands 124 and 1235 1s suppressed. It should be noted
that the use of the combination of T, and T 1n bands 122-124
1s not necessarily eliminated. Such combinations may still
occur but at a substantially reduced rate. The degree to
which torques 1n various speed bands are suppressed may be
pre-programmed by the manufacturer or be selected, for
example, by the vehicle operator by using the user interface.

In another embodiment, a frequency attenuation algo-
rithm may automatically adjust torque, which 1s within an
unacceptable range, to bring the system into a less noisy
state. These contours between good and unacceptable can be
seen 1n FIG. Sc.

FIG. 5c¢ illustrates the torques/velocity domain of, for
example, a corner actuator of an active suspension system.
The angular velocity (0) 1s typically an iput to the system
and 1s largely determined by the motion of the wheel as the
actuator’s linear motion 1s translated to rotational motion of
the HMP. The control system may request the HMP to
produce a certain torque (t) based on various operating
parameters and/or requirements. The shaded regions in FIG.
5c, for example region 126, are regions where the particular
torque/angular velocity combination results 1n undesirable
resonance 1n a vehicle. These undesirable regions may be
determined empirically by testing the vehicle at various
torque/angular velocity combinations. Therefore, the 1fre-
quency attenuation algorithm restricts the control system
from accessing torque/angular velocity combinations within
these shaded regions. The contour lines surrounding these
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unacceptable regions show a gradient from “unacceptable”,
the shaded regions such as region 126, to “optimal™ such as
thin line 127, where the noise and/or vibrations are low.
Regions outside “unacceptable” regions represent “accept-
able” torque/angular velocity combinations where objec-
tionable conditions, such as for example, excessive noise
generation 1s limited.

This map 1s typically substantially static (1.e. specific to
the vehicle) and therefore does not vary with time. However,
at any particular time, 1f necessary, an active suspension
actuator may operate anywhere in the angular velocity/
torque domain. At time t=t,, the system may have an angular
velocity 6=0,, which has three regions where torque/speed
combinations are unacceptable due to, for example, exces-
s1ve noise cancellation. The frequency attenuation algorithm
would typically avoid these three unacceptable regions in
FIG. 5c¢. It 1s desirable that the torque be set to values as near
to where the particular value for O, as indicated by dashed
line 128, intersects the “optimal” lines as possible and/or as
far away from the unacceptable regions.

FIG. 5d displays a plot of the variation of angular velocity
(8) 130a as a function of time. The range of available
torque/angular velocity combinations at a given time t, 1s
defined by the intersection of a vertical line 128 in FIG. 5¢
with regions of acceptable and unacceptable torque/angular
speed. This vertical line 1s located at a value of 0, corre-
sponding to time t,.

FIG. 54 illustrates that for each angular velocity of the
hydraulic motor/pump, there 1s an acceptable range of
corresponding torques. The acceptable torque region 1is
shown as region 129. As time progresses, the electronic
controller may the HMP torque within the region 129 to
avold exciting resonance frequencies in a component of the
vehicle. This torque range 1s not constant. At a particular
value for angular velocity (8), there may be both a ceiling
131 and a floor 132 for the acceptable torque and any value
between the ceiling and the floor will adequately avoid
frequencies, which induce resonance. For other angular
velocity values, there may be torque regions between the
floor 132 and the ceiling 131 that are also unacceptable to
apply to the HMP. For example, at a particular time, t=t,, as
shown by vertical line 130, with a particular angular veloc-
ity, there 1s a torque region 133 between the tloor 132 and
the ceiling 131 that may be avoided by the controller so as
to limit resonance in the vehicle body.

According to one embodiment, for example, at time t=t,,
as shown by vertical line 130, the torque controller may
request the system to execute a torque with the value at point
134. However, as 1dentified by the frequency attenuation
system, 1mplementing that torque may excite system reso-
nances or highlight other undesirable system characteristics,
such as for example, peaks 1n the attachment point trans-
missibility, or acoustic resonances of the structure. The point
134 1s located 1n region 132, which the frequency attenua-
tion system has i1dentified as unacceptable. Therefore, the
frequency attenuation system limits the torque that the
system may apply so that the torque falls within the accept-
able range shown as 129, for example, at point 135. It should
be noted that for certain frequencies there may be no values
of torque that are problematic. This 1s an example of the
system’s ability to use smart limaits.

FIG. 6a shows an algorithm, which may be used to locate
the position of, for example, a motor or other mechanical
component. Typically, a sensor 1s used to detect a marker or
index and to produce a pulse or other signal. The algorithm
begins when the system has time to execute 1t based on its
priority ranking. In one embodiment this occurs at a rate of,
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for example, approximately 5 KHz. In block 140, the sensor
either senses an index produced by the motor and the
algorithm proceeds to block 141 or does not sense an index
and exits. This system may be eflective even when an index
1s detected less than 1% of the time that the sensor 1s turned
on. Upon sensing an index in block 141, the algorithm
determines whether the sensed index 1s the first sensed
index. The first sensed mdex 1s the first index sensed by the
algorithm since system 1initialization or histogram deletion.
IT the index detected 1s the first index, the algorithm 1nitial-
1zes a histogram centered at the particular motor incremental
position where the mndex was found as shown 1n 142. The
sensor’s resolution and accuracy contribute to practically
determining the range of the histogram. In embodiments, the
algorithm sets the histogram’s range to plus or minus two
degrees from the motor incremental position corresponding
to the first sensed index. Applications and use of a histogram
for monitoring motor incremental position 1s further detailed
below.

If the algorithm determines that the sensed index 1s not the
first sensed 1ndex, as a histogram already exists, the algo-
rithm adds the detected motor incremental position value to
the previously 1nitialized histogram 1n operation 143. In one
embodiment, the pathway from checking for an index 1n 140
to adding a value to a histogram in 143 1s performed at a rate
of 5 kHz.

The pathway 1n FIG. 65 computes the absolute position of
the motor at a rate less than the rate at which the pathway in
FIG. 6a 1s completed. In embodiments, the rate at which
FIG. 656 computes the motor’s absolute position 1s 1 Hz. In
FIG. 6b, the algorithm checks to see if there 1s a valid
hlstogram in block 145 as would be created by the pathway
in FIG. 6a. Then, 1in block 146, the algorithm analyzes the
histogram computing the incremental position value with the
highest count. The histogram may have a bell curve shape
and the incremental position value with the highest count at
the center or in close proximity to the center of the mitialized
histogram. To check that this 1s the case, the algorithm then
runs an error-checking step 147, which determines 1t the
value with the highest count 1s near the center of the
histogram or 1s located 1in one of the edge columns. These
edge columns serve as catch all bins for detected values
greater than the highest value and values less than the lowest
value acceptable to be set as the motor incremental position.
Sample histograms are shown 1n FIGS. 6¢ and 64d.

FIG. 6¢ depicts a histogram that would be 1nput 1nto step
146 of FIG. 6b, checking at 147 whether the motor incre-
mental position with the highest value 1s on an edge of the
histogram’s range. The histogram i FIG. 6¢ would not
return an error and the motor incremental position of column
151 would be set as the motor index position 1n block 149.
Because the algorithm knows the motor’s incremental posi-
tion from an encoder and reads an index pulse at the same
time, the motor incremental position value of the index with
the highest count should be near the center of the histogram.
It 1s expected that the overall histogram approximates a bell
curve.

FIG. 6d depicts an example of a histogram that may be
provided to step 146 of FIG. 65, determining in 147 1f the
motor incremental position with the largest amount of data
1s 1n one of the histogram’s edge columns. To ensure that the
histogram captures all points where the algorithm detects the
index, and to create eflicient error checking, the histogram 1s
iitialized with two edge columns. The edge column at the
lower end of the acceptable range captures all data points
less than the lowest acceptable value 1n the histogram’s
range. The edge column at the higher end of the histogram’s
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acceptable range captures all values higher than the highest
acceptable value 1n the histogram’s range. In the example
shown 1n FIGS. 6¢ and 6d, these edge columns will capture
all index pulses that are greater than or equal to 3 degrees
larger than the value around which the histogram was
initialized or less than or equal to 3 degrees smaller than the
value around which the histogram was initialized. If one of
the edge columns has the largest amount of data, an error
will be returned that causes the algorithm to delete the
histogram. Theretfore, the histogram in FIG. 64 would return
an error and the motor incremental position of column 152
would not be set as the motor index position 1n block 149.

A histogram 1nitialized around an incorrect value could
miss the motor incremental position with the true highest
value because the range 1nitialized would not capture data at
that position and the correct motor incremental position
would be located somewhere within the edges. A solution to
potentially solve the problem of imitializing a histogram
around an incorrect value and missing the true incremental
motor position would be to expand the range of the histo-
grams. However, these errors typically happen infrequently
enough 1n certain applications that, 1n those cases, 1t 1s more
cilicient to delete the histogram and start over.

FIG. 65 shows that 11 the incremental position value with
the highest count 1s located 1n one of the histogram’s edge
columns, the algorithm deletes the histogram and exits as
shown 1n 148. In embodiments, the sensor has high enough
resolution that the value mitializing the histogram should be
very close to the actual incremental position of the motor.
This error-checking step 147 prevents the algorithm from
setting the motor’s absolute position based on a histogram
initialized around an outlier. In such circumstances, the
accuracy ol locating motor position 1s more eflectively
improved by repeating the process ol generating a new
histogram.

I1 the incremental position value with the highest count 1s
not at the edge of the histogram’s range, the algorithm sets
the motor imndex position equal to the mcremental position
with the highest count 1n block 149. The algorithm then
computes the motor’s absolute position by subtracting the
motor index position from the motor incremental position
144 in block 150. This computation 1s frequently updated
and the absolute motor position data can be provided to other
control algorithms and systems. As mentioned above, the
absolute motor position can be used 1 many systems to
improve motor control and/or system eflects that correlate
with motor position, such as for example, pressure ripple of
a gerotor.

FIG. 7a illustrates a conventional top-mount assembly
160 of a shock absorber. The top-mount bracket 161 1s
fastened to vehicle body component 162 using studs 163.
Isolator 164 (a damping/spring device) 1s firmly attached to
top-mount bracket 161 and mner sleeve 165. Shock absorber
piston rod 166 1s fastened to nner sleeve 165.

FIG. 7b illustrates an improved top-mount 170, which
incorporates tuned mass damping. In embodiments using
tuned mass damping, vehicle body component 162 1s sand-
wiched between two pairs of damping/spring devices 171a
and 1715, and 171¢ and 171d that may be manufactured
from materials, such as for example, rubber, plastic, and
fibrous material. Damping/spring devices 171a-171d may be
formed 1n the shape of washers. The damping/spring devices
exhibit both a desired damping coeflicient and a spring
constant. Additional mass 172 may be attached or otherwise
integrated with top-mount bracket 161. The mass of com-
ponents 161, 172 and actuator rod 173 and damping/spring
devices 171a-171d constitute a tuned mass damper. By
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properly selecting the masses and the damping coeflicients
and spring constants of damping/spring devices, vibrations
at selected frequencies may be attenuated. It should be noted
that depending on the frequency range that needs to be
attenuated, the mass of the bracket 161 may need to be
reduced. The disclosure 1s not limited to top mounts with a
particular mass or top mounts that are lighter, heavier or the
same weight as a conventional top mount bracket.

While the present teachings have been described in con-
junction with various embodiments and examples, 1t 1s not
intended that the present teachings be limited to such
embodiments or examples. On the contrary, the present
teachings encompass various alternatives, modifications,
and equivalents, as will be appreciated by those of skill in
the art. Accordingly, the foregoing description and drawings
are by way of example only.

FIG. 8a illustrates an embodiment of an element of an
HMP attached to a drive shaft and depicts the planes or
directions 1n which the hydraulic motor pump element is
constrained and the planes or directions in which 1t 1s
floating and can self-adjust. The hydraulic motor/pump
element 201, which 1n this embodiment 1s the inner rotor of
a gerotor, torsionally engages shaft 202 by means of a
torque-transierring element (not shown). In this embodi-
ment, the shatt 202 i1s supported by bearings 203. In other
embodiments, the shait may be cantilevered, 1.e. supported
only at one end. Element 201 eflectively transfers radial
loads to/from the shait and remains engaged with the
torque-transierring element during operation.

Shaft 202 1s a circular cylinder with an outer diameter that
1s smaller than the diameter of the opening 1n element 201
in which 1t 1s received, 1.e. with a with a clearance fit. In
embodiments the difference i1n the diameters may be suili-
ciently large to allow the element 201 to twist or to slide
along shaft 202 but small enough to not inhibit or interfere
with the transfer of torque to and from the HMP.

As shown 1n FIG. 8a, the HMP element 201 may dynami-
cally self-adjust be being free to move 1n the axial direction
204 and/or the twisting direction 205. During operation of
the HMP, element 201 may self-adjust to better orient itself
relative to the housing element 206, reducing, for example,
drag and noise. In embodiments, the HMP element settles
into a position parallel to both elements 206 and with equal
spacing between 1t and each of them. The HMP element 201
may dynamically adjust to seek an optimal position depend-
ing on operating parameters of the overall system, including
but not limited to operating pressure, the rotational direction,
speed, and/or acceleration.

FIG. 86 illustrates an end view of the of the shaft
assembly 1 FIG. 1a. In embodiments there 1s no diflerence
between the angular displacement 201a of element 201 and
displacement 202a of shaft 202 of the HMP.

FI1G. 9a illustrates a shatt 210 with radial opening 211. In
this embodiment, opening 211 1s cylindrical and receives pin
212. In this embodiment, the fit between pin 212 and
opening 211 1s a line-to-line fit. In other embodiments, the
fit may be a transition fit or an interference fit. The length of
pin 212 1s selected such that when pin 212 1s operationally
engaged 1 opening 211 a portion of the pin remains pro-
truding from the shaft. At least a portion of the protruding
length of pin 212 may be used to engage an HMP element
(such as element 201 1n FIG. 1a). An mtervening block 213
may be used to distribute the stresses in the rotor over a
larger area. Intervening block 213 and pin 212 together
establish an articulating key or pin-block assembly. Block
213 permits the bearing surface in the element that is
engaged (such as element 201 1n FIG. 8a) to be expanded so
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that the contact stresses in the element can be distributed
over a larger area and reduced. This arrangement allows
greater torques to be transierred between the shaft and
clements made of softer materials, such as plastics. With the
use of an articulating key, the clearance between the block
and the key way slot may be minimized since 1t only needs
to accommodate linear motion 1n the axial direction. Motion
in the twisting direction may be accommodated by, for
example, relative motion between the block 213 and pin
212.

FIG. 9b illustrates a shaft 220 with opening 221 config-
ured to receive a conventional Woodrudl key (not shown) or
modified Woodrufl key 222. In this embodiment, the fit
between portion of the Woodrull key 223 received 1n open-
ing 221 1s a line-to-line fit. In other embodiments, the fit may
be a transition fit or an interference fit. Alternatively or
additionally, the modified Woodruil key 222 may be welded
into opeming 221 by, such as for example, electron beam
welding. When modified Woodrufl key 222 1s operationally
engaged 1 opening 221, a portion of the key remains
protruding from the shait 220. This protruding portion may
be used to, for example, engage an element of an HMP, such
as the inner rotor of a gerotor, 1n order to transier torque
between the two components. Any conveniently shaped key
may be used instead of a Woodruil key.

Modified Woodruil key 222 combines the advantages of
a Woodruil key, such as increased load bearing area in the
shaft, and the advantages of the articulating key shown 1n
FIG. 2a. The modified Woodrufl key 222 comprises a lower
portion 223 with pin 224a. Pin 224a 1s received 1n block
224b, which 1s used to engage an element of an HMP, such
as the mner rotor of a gerotor.

FIG. 10aq 1llustrates the mterface between a shaft and an
HMP element, such as for example the inner rotor of a
gerotor, where the torque-transferring element 1s a Woodruil
key. Shaft 240 (shown in section) receives a portion of
Woodruil key 241. The upper portion 241a of Woodruil key
241 1s also recerved in a slot in HMP element 242. The
dimensions of the key may be determined, for example,
based on the torque that needs to be transferred, cyclic
loading, the bearing surface in the shafit, the bearing surface
in element 242, and the material properties of the shait 240,
the key 241, and the element 242. In the embodiment i FIG.
10q the key 1s held firmly 1n the shatt the width of slot 243
that receives the protruding portion 241a of key 241 be
oversized so that element has limited latitude to twist about
an axis parallel to a radius of the shaft. The amount by which
the slot width needs to be oversized must be 1ncreased to
achieve the same degree of twist with longer keys.

However, the use of an oversized slot width results in
torsional lash, which may result 1n high impact forces when
the key collides with the sides of the slot. The effect of these
collisions may be mitigated by reinforcing the slot walls
using inserts. For example, as shown in FIG. 1056, 1t the
HMP element 250, connected to shaft 252 by torque-trans-
ferring element 253, 1s made of a softer material such as
plastic, metallic insert 251 may be used to reinforce the slot
that receives element 253. The reinforcing insert may be
incorporated in the rotor by using, for example an over
molding process.

Alternatively or additionally, as shown in FIG. 10c¢, the
portion of the key 253a engaged in the slot may be at least
partially covered by pads 2535 that 1s made of material that
1s soiter than the material of element 253¢a that cushions the
collisions between the key and the slot wall.

FIG. 104 illustrates an embodiment of shaft 260 attached

to HMP element 261, by an articulating key that 1s com-
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prised of pin 262 and block 263. Block 263 1s received in
slot 264 with a slip fit. In this configuration, element 261 has
latitude to move axially because block 63 may slide readily
in slot 264. At the same time element 261 may twist about
the axis of pin 262. With the tighter tolerance between the
key and the slot 1n which 1t 1s received, impact forces will
be reduced.

FIG. 10e illustrates shait 270 attached to HMP element
271 by means of modified Woodruil key 272 and block 273
that 1s recerved 1n slot 274. The modified Woodrufl key has
an increased bearing surface 1n the shaft compared to the
arrangement 1n FIG. 34.

FIG. 10/ illustrates a sectioned side view of shait 280
attached to HMP element 281 by means of flexible disc 282.
Flexible disc 282 1s torsionally stifl but accommodates
relative twisting and axial movement between shait 80 and
clement 281. FIG. 10g 1llustrates an end view of the appa-
ratus 1 FIG. 10f.

FIG. 11a illustrates the mnner rotor 290 of a gerotor with
outer ring 291 with nine external rotor teeth 292 that engage
the teeth of an outer rotor (not shown). Rotor 290 1s shown
with nine teeth but mner rotors with a diflerent number of
teeth and with different teeth profiles may be used. Annular
hub 293 has external hub teeth 294 that closely engage the
matching opemings 295 in the 1nside annular surface of outer
ring 291 that are configured to receive hub teeth 294. In the
embodiment i FIG. 11a the sides, of teeth 294, that engage
the sides ol openings 295, taper from a smaller cross
sectional area, proximate to the annular hub, to a larger distal
cross sectional area. Shaft 296 i1s connected to hub 293 by
means ol torque-transier element 297.

In the embodiment illustrated 1n FIG. 1154, the number of
hub teeth 294a 1s equal to the number of external rotor teeth
292. The hub teeth 294a may be aligned with external rotor
teeth 292. Aligning the teeth in the hub and the outer ring
results 1n a more uniform wall thickness 1 outer ring 91a.
In some embodiments, the outer ring 291a may be made of
a plastic material, such as, the performance plastic Meldin®,
produced by Saint-Gobain. The outer ring 291a may be
tabricated by, for example, an 1njection molding process. In
some embodiments, the hub 934 may be manufactured from
a material that has a yield strength that 1s comparable to the
shaft material. Other manufacturing techniques and/or mate-
rials may be used for the outer ring and the hub.

FIG. 11c¢ illustrates the outer ring 291a of an 1nner rotor.
Opening 2915 1s configured to recerve hub 293a shown 1n
FIG. 11d. Hub 93a comprises multiple teeth 294a with axes
that are parallel to the axis of the hub. The fit between outer
ring 291a and hub 293a may be a line-to-line fit. In some
embodiments, the {it may be a transition fit and still more or
an nterference fit. FIG. 1le illustrated the inner rotor
assembly 300 comprising outer ring 291a and hub 293a. Slot
299 15 configured to receive a torque-transierring element
connecting assembly 300 to a shaft (not shown). The assem-
bly 100 may be fabricated by properly aligning hub 2934
with opening 2915 1n outer ring 291a and pressing the two
pieces together. Alternatively, assembly 300 may be manu-
factured by an over-molding process where a plastic outer
ring 1s 1njection molded over a hub made of the same or
different material. Alternatively or additionally, the outer
rotor may be manufactured by an over-molding process
where a plastic material 1s 1njection molded over an insert
made of the same or diflerent material. The different material
may be a metal, such as for example, aluminum.

FIG. 12a illustrates an alternative way of connecting a
shaft to an mner rotor of a gerotor so that 1t 1s torsionally stift
while floating 1n the axial and/or twist directions. FIG. 124
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illustrates a shait 301 with splines 302. In the embodiment
shown 1n FIG. 12a, splines 302 have a barrel shaped cross
section 1n the tangential plane and a half barrel shaped cross
section 1n the radial plane. The splined shait 1s slideably
received 1n opening of rotor 304, shown i FIG. 1256, such
that splines 302 are received 1 axial slots 3035. FIGS.
11a-11c¢ and 12a-1254, illustrate the interface of a shatt with
an 1nner rotor of a gerotor based HMP. These interfaces may
be used to connect and HMP shatt to other types of HMP
rotating elements that are driven by the shaft.

FIG. 12¢ 1llustrates a rotor 306 that 1s fabricated by over
molding an outer ring 307 over hub 308. In some embodi-
ments, keyway 309 1n the hub may be used to interface the
rotor 306 with a shaft (not shown). In some embodiments, a
multiple slots (not shown) may be used to interface the rotor
with a splined shaft.

The hub 308 insert may be shaped to maintain a substan-
tially uniform wall thickness in the injection molded outer
ring 307 1n order to facilitate the flow and cooling of the
injected material. The injected material may be a plastic
while the hub may be made of a different material, such as
for example, steel or aluminum. Alternatively, the hub 1nsert
may be made of the same material as the injection molded
(over molded) outer ring. The hub 1nsert may be manufac-
tured by injection molding (1f 1t 1s made of a material that
can be injected) or other processes, such as for example,
casting, sintering or extruding.

The variability of the wall thickness T of the outer ring,
1s defined as the maximum change 1n T divided by the
maximum value of T, represented 1n percent. In some
embodiments the variability 1s less than 25%. The varniabaility
in wall thickness may be set by selecting and aligning the
outer profile of the hub 308 relative to the injection molded
outer profile of the rotor 306. In some embodiments, the
variability in wall thickness may be kept below 20%. In
other, embodiments the variability may be kept below 10%
or 5%.

FIG. 13 depicts an embodiment of a keyway 402 1n a
rotary element 403, which i1s rectangular 1n cross-section
with sharp comers. Key 401 1s inserted into keyway 402 1n
rotary element 403 to interface with a shaft (not shown).
Cracks 404 may form due to stress concentrations caused by
the sharp corners in a conventionally shaped keyway.

In the embodiment shown 1n FIG. 14, the keyway 406 1s
constructed with maximally rounded corners. The keyway
has a maximally rounded bottom when 1t 1s fully rounded
and the fillet radius 1s equal to the nominal half the thickness
of the key. This rounded keyway 406 reduces the stress
concentrations in the rotary element 407, which may be a
gerotor. The rounded feature 1n the keyway may be
machined using for example, an end mill, a ball end maill or
a rounded profile broach.

FIG. 15 depicts an embodiment where an mnner gerotor
408 with a keyway 1s positioned where the loc1 of max stress
409a and 4095 are aligned with lobes 410a and 4105. When
the loci of maximum stress are known, they may be aligned
with the maximum thickness of the matenal of the rotary
clement. The position for keyway 410¢ 1n the embodiment
in FIG. 4, 1s located on the mner cylindrical face of the inner
gerotor halfway between two lobes. Forming the keyway at
this location allows the stress created at the keyway to be
accommodated 1n a portion with a thickest cross-section.

FIG. 16 illustrates the cross-sectioned side-view of a
rotary element 411 with opening 412 for recerving a drive
shaft (not shown). Blind keyway 413 1s constructed with a
rounded end. In embodiments, the radius of the rounded end
be greater than 0.010 inches or greater. In other embodi-
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ments this radius may be greater than 0.050 inches or
greater. In other embodiments this radius may be 0.100
inches or greater. The radius of the rounded end may be

made at least equal to or greater than half the nominal
thickness of the key.

FIG. 17a illustrates the front view of a conventional
woodrufl key 501. Surface 502 1s a segment of a circular
cylinder with radius “r” which 1s typically greater than the
height “h,” of the woodrufl key. Height “h,” 1s the portion
503, of the key 501, that typically engages the shaft. FIG.
175 1llustrates the top view of the key 1 showing width “b.”

FIG. 17¢ depicts an embodiment of a modified woodruil
key 510. Surface 511 1s a segment of a circular cylinder with
radius “R” which 1s typically greater than the height “H,” of
the woodrull key. Height “H,” 1s the portion 512, of the key
510, that typically engages the shaft. Portion 513 of the key
(with height equal to H,-H,), which engages the rotary
clement, has an axial length L, that 1s shorter than the axial
length L, of portion 512. FIG. 15 1illustrates the top view of
the key 511 and its width “B.” The engagement depth H, be
as large as possible 1n order to prevent the key from being
dislodged when used under conditions of high load and high
acceleration.

However, 1t may be desirable to reduce the axial length L1
of the portion 513 of the key that engages the rotary element.
By reducing the length L1 relative to L2, the maximum axial
length of the portion 512, and/or increasing the clearance
between the width B, shown 1n FIG. 174 and the width of the
keyway 1n the rotary element (not shown) 1t 1s possible to
increase the latitude of the rotary element to move relative
to the shait that 1t 1s coupled to.

FIG. 18 shows a sectioned perspective view of a shaft 520
coupled to rotary element 521 by means of modified wood-
rufl key 522. The woodrufl key engages the rotary element
521 by means of keyway 522a. Axial conduit 523 and radial
conduit 524 may be used to equalize the pressure on the
front face 525 and rear face (not shown) of rotary element
521.

FI1G. 19 shows a sectioned side view the apparatus in FIG.
2. Axaal conduit 523 and radial conduit 524 may be used to
equalize the fluid pressure on the front face 5235 and rear face
526 of rotary element 521.

FI1G. 20a shows a top view of shaft 330 coupled to rotary
clement 531 (shown 1n section) by means of key 332. Upper
portion 533 of key 532 engages keyway 534 1n rotary
clement 531. The rotary element 531 may be made to “float™
relative to shait 530. Float 1s defined as the latitude of the
rotary element to move a slight amount, 1.e. sufliciently to
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self-align relative to other element(s) of the apparatus, such
as for example the housing of the apparatus. In the embodi-
ment 1n FIGS. 4a and 45 the rotary element 1s constructed
to float relative to the shait by limiting the maximum axial
length of portion 533 to be less than the axial thickness of
rotary element 531 and by limiting the thickness of the upper
portion 533 to be less than the thickness of keyway 34 so that
there 1s a clearance fit. FIG. 205 shows the shaft 5330 and
rotary element 531 shown in FIG. 20aq, where the rotary
element has moved relative to the shatt. In FIG. 2058, the axis
of the rotary element 1s at an angle to the axis of the shaft.
The rotary element 1s able to “float” because of the clearance
between the upper portion 533 and the keyway 534 and/or
because the axial length of the upper portion 1s less than the
axial thickness of the rotary element. In embodiments, the
total thickness clearance between the keyway 1n the rotary
clement and the key may be 1n the range o1 0.001 inches and
0.010 inches. In some embodiments the total thickness
clearance between the keyway 1n the rotary element and the
key may be in the range between 0.002 inches and 0.004
inches. Keys other than a modified woodruil key may be
used to couple the shaft to the rotary element.

The mnvention claimed 1s:

1. A gerotor pump, comprising:

an inner rotor,

an outer rotor with an outer cylindrical surface;

a bearing, selected from the group consisting of a roller
bearing and a ball bearing, wherein the bearing
includes an mnner raceway and an outer raceways;

a housing of the gerotor pump, wherein the bearing 1s
operationally interposed between the outer rotor and
the housing;

wherein the outer raceway 1s fixedly attached to the
housing, and wherein at least a portion of the outer
cylindrical surface of the outer rotor 1s slidably
received 1n a circular opening of the inner raceway.

2. The gerotor pump of claim 1, wherein at least the
portion of the outer surface of the outer rotor includes a
radially extending cylindrical protrusion, and wherein the
outer surface of the radially extending cylindrical protrusion
1s slidably received in the circular opening of the inner
raceway.

3. The gerotor pump of claim 1, wherein at least a portion
of the outer surface of the outer rotor includes a radially
extending protrusion, wherein the outer surface of the radi-
ally extending protrusion 1s a convex surface that 1s slidably
received 1n the circular opening of the inner raceway.
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